The ''Compton-Hall'' voltmeter is a radiation-based voltage diagnostic that has been developed to measure voltages on high-power ͑TW͒ pulsed generators. The instrument collimates photons generated from bremsstrahlung produced in the diode onto an aluminum target to generate Compton-generated electrons. Permanent magnets bend the Compton electron orbits that escape the target toward a silicon pin diode detector. A GaAs photoconductive detector ͑PCD͒ detects photons that pass through the Compton target. The diode voltage is determined from the ratio of the electron dose in the pin detector to the x-ray dose in the PCD. The Integrated Tiger Series of electron-photon transport codes is used to determine the relationship between the measured dose ratio and the diode voltage. Variations in the electron beam's angle of incidence on the bremsstrahlung target produce changes in the shape of the photon spectrum that lead to large variations in the voltage inferred from the voltmeter. The voltage uncertainty is minimized when the voltmeter is fielded at an angle of 45°w ith respect to the bremsstrahlung target. In this position, the photon spectra for different angles of incidence all converge onto a single spectrum reducing the uncertainty in the voltage to less than 10% for voltages below 4 MV. Higher and lower voltages than the range considered in this article can be measured by adjusting the strength of the applied magnetic field or the position of the electron detector relative to the Compton target. The instrument was fielded on the Gamble II pulsed-power generator configured with a plasma opening switch. Measurements produced a time-dependent voltage with a peak ͑3.7 MV͒ that agrees with nuclear activation measurements and a pulse shape that is consistent with the measured radiation pulse shape.
I. INTRODUCTION
The presence of high-energy charged particles and plasmas makes measuring the voltage in high-power ͑TW͒ diodes difficult. In many applications of these diodes, a good voltage measurement is crucial for interpreting the experimental results. Many different techniques have been tried to measure the voltage with varying degrees of success. Conventional electrical techniques, such as capacitive monitors, work well in a liquid-dielectric-filled pulse-forming line but they usually require a substantial inductive correction to obtain the voltage at the diode. The presence of plasmas and/or vacuum electron flow generally introduce large uncertainties in the inferred diode voltage. Inferring the diode voltage from the radiation produced is attractive for situations where the electron beam energy in the diode corresponds to the voltage since the photons generated in the diode readily escape the surrounding vacuum vessel and are easily detected. Differential filtering techniques determine the voltage from the ratios of dose rates measured in Si pin diodes ͓or from dose ratios measured with thermoluminescent dosimeters ͑TLDs͔͒ with carefully chosen filter materials and thicknesses. 1, 2 This method works well for voltages between 0.5 and 2 MV, where photoelectric absorption dominates the filter attenuation, but is difficult for higher voltages because the photon attenuation length becomes insensitive to changes in the voltage. Other methods that rely on well-known energy thresholds for nuclear reactions, such as the photoexcitation of nuclear isomers 3, 4 or photoneutron generation, 5 are also suitable but they are only capable of determining the peak diode voltage.
In the instrument described in this article, bremsstrahlung from the diode is filtered and collimated onto an aluminum target producing a shower of Compton electrons. Permanent magnets bend the Compton electron orbits toward a Si pin diode where a fraction of them are detected. A GaAs photoconductive detector ͑PCD͒ is used to measure the x-ray dose from photons that pass through both the filter and the Compton target. The diode voltage is determined from the ratio of the electron dose measured by the Si pin diode to the x-ray dose measured by the PCD. A PCD was used as the photon detector and a pin diode was used as the electron detector because the electron dose is expected to be a few percent of the photon dose. This requires that the electron detector be much more sensitive than the photon detector. Therefore, a pin diode was chosen with a relatively large area and a large depletion depth. A PCD was chosen for the photon detector since it is less sensitive than the pin diode.
This device is called the Compton-Hall ͑CH͒ voltmeter in a loose analogy to the Hall effect in conductors. Here, photons play the role of the driving electric field to generate a current of Compton electrons. To continue the analogy further, a current is generated perpendicular to the magnetic field that is similar to the Hall current, which in our case is a current of free electrons that is measured by its dose rate. This device is also similar to Compton spectrometers, some of which have been used to measure the bremsstrahlung spectrum from pulsed-power diodes. 6, 7 The CH voltmeter differs from these spectrometers in that it does not determine the entire spectrum from an array of electron detectors but relies on the sensitivity of the end-point energy to the ratio of the dose in a single electron detector to the photon dose. It is also relatively small and inexpensive compared to traditional spectrometers, and the interpretation of the data is straightforward, making it feasible for end-point voltage measurements in a wide variety of pulsed-power diodes.
Like all radiation-based voltage diagnostics, the CH voltmeter implicitly assumes that changes in the diode voltage are slow compared to the electron transit time across the diode gap. In this case, there is a direct correlation between the electrostatic voltage across the diode and the electron energy incident on the bremsstrahlung target. The principle of the CH voltmeter was demonstrated previously for beam voltages between 1 and 2 MV using a low-power Van de Graaff generator and time-integrated TLDs. 8 In this article, the analysis of the voltmeter is extended to 6 MV and a time-dependent voltage measurement with a peak voltage of 3.7 MV is demonstrated. The sensitivity of the voltmeter to the electron angle of incidence on the bremsstrahlung target is also evaluated and a method to minimize this sensitivity is presented.
II. COMPUTATIONS AND ANALYSIS
The geometry of the CH voltmeter is shown in Fig. 1 . The collimator consists of a 10 cm tungsten cube with a 1-cm-diam hole bored through the center of one of the faces. A 0.635-cm-thick tungsten filter at the entrance of the collimator transmits harder parts of the bremsstrahlung spectrum and keeps the detectors from saturating. A 0.2-cm-thick aluminum Compton target is located at the end of the collimator. The Compton target is thick enough to stop any Compton electrons generated in the collimator. A 10 cmϫ10 cmϫ5 cm brass section, immediately behind the Compton target, has a 1.6 cmϫ2.5 cmϫ3.5 cm open interior that forms the Compton chamber. The Compton chamber is at atmospheric pressure. A 1-cm-diam hole, located at the end of the Compton chamber, leads to the PCD detector, which is embedded in a 10 cm aluminum cube. The PCD consists of a 6-mm-diam ϫ1-mm-thick GaAs disk packaged in a brass cylinder with a 0.5-mm-thick aluminum front cover. Permanent magnets provide either a 4.4 or 6.0 kG magnetic field that bends the electron orbits toward the Si pin diode and prevents them from reaching the PCD. The 0.564-cm-diam Si pin diode is operated at a bias of Ϫ600 V to provide a depletion layer of 500 m. The pin diode is mounted in a 1.6 cmϫ3.75 cm ϫ2.5 cm aluminum holder that slides into a slot in the brass section. When installed in the voltmeter, the pin diode is located 1.25 cm off the center line of the device and mounted flush with the surface of the Compton chamber. The pin diodes could be fielded at either 1.8 cm ͑position 1͒ or 2.8 cm ͑position 2͒ downstream of the Compton target.
A qualitative understanding of the voltmeter can be obtained from the Larmor radius of a Compton electron, which is given by
where m is the electron rest mass, c is the speed of light, ␥ is the relativistic factor, e is the magnitude of the electron charge, and B is the magnetic field strength. ͑We will use cgs units throughout this article unless otherwise stated.͒ Equation ͑1͒ shows that the magnetic field strength and the location of the pin diode with respect to the Compton target determine the energy range of electrons that reach the pin diode. Therefore, the sensitive voltage range of the instrument can be adjusted by changing either the magnetic field strength or the location of the pin diode relative to the Compton target. In general, the angular distribution and energy spectrum of electrons emerging from the Compton target is very complex, making a detailed analysis of the voltmeter using Eq. ͑1͒ difficult. Sample electron orbits are given in Ref. target and the pin diode, as shown in Fig. 1 . With the pin diode located 1.8 cm ͑2.8 cm͒ from the Compton target the smallest Larmor radius is 0.8 cm ͑1.3 cm͒. Therefore, with Bϭ4.4 kG and the detector in position 1 ͑position 2͒ only electrons with energies above 0.7 MeV ͑1.3 MeV͒ reach the detector. The electron range in silicon at these energies exceeds the 500 m depletion depth so only a portion of the electron energy is absorbed in the pin diode.
Detailed analysis of the voltmeter is performed using the Integrated Tiger Series ͑ITS͒ of electron-photon transport codes. 9 The relevant photon interactions followed by the ITS include Compton scattering, photoelectric absorption, and pair production. The relevant electron interactions followed by the ITS code include collisional energy loss to ionization and excitation, radiation loss to and production of bremsstrahlung, and K-and L-shell ionization events that produce characteristic x-ray fluorescence lines and Auger electrons. A more-detailed description of the physics treated in the ITS code and the numerical methods used is available in Ref. 10 . The voltmeter analysis is split into three separate calculations: ͑1͒ a detailed three-dimensional ͑3D͒ calculation of the spectral response of the detectors to monoenergetic photons incident on the Compton target, ͑2͒ a one-dimensional ͑1D͒ calculation of the conversion of an incident electron spectrum on the bremsstrahlung target into an equivalent photon point source, and ͑3͒ conversion of the photon spectrum from step ͑2͒ into the dose in each detector by convolving it with the spectral response calculated in step ͑1͒ and any filters. The advantage of separating the calculations in this manner is that the electron distribution on the bremsstrahlung target can be changed easily without having to redo lengthy 3D simulations of the CH voltmeter geometry. By separating the calculations in this manner, the Comptongenerated electrons that exist between the bremsstrahlung target and the voltmeter are neglected. This is not a serious issue since the current of Compton electrons that reach the voltmeter is many orders of magnitude smaller than the primary electron beam so that any radiation produced by these electrons is negligible. The absorbed dose for a general photon spectrum can then be calculated from
where Q e is the incident electron charge on the bremsstrahlung target, Det (h) is the spectral response ͓dose per photon flux͔ for either the PCD or the Si pin diode, F(h,) is the attenuation from the vacuum vessel and any other filters between the source and the detector, is the viewing angle, and d⌽ S /d(h) is the differential photon flux spectrum per incident electron charge from the bremsstrahlung source.
The calculated spectral responses of the voltmeter detectors for Bϭ4.4 kG are shown in Fig. 2 . In this calculation, 20 million primary photons are used, which results in a statistical uncertainty of less than 5%. It is important to note that Compton scattering and fluorescence in the collimator were treated in the code by applying the incident photon flux across the face of the tungsten collimator. In addition, scattering and fluorescence in the brass holder as well as other parts of the voltmeter were also self-consistently included in the calculations. However, no attempt was made to model room scattering, which could be present in any real application of the voltmeter. Instead, efforts were made in the experiments described below to minimize room scatter by surrounding the voltmeter with an appropriate amount of lead. The residual signals from room scattering were measured by blocking the entrance of the CH voltmeter with 10 cm of tungsten. The PCD signal was about 1% and the pin signal was about 20% of the signals without the tungsten. This background signal is subtracted before obtaining dose ratios. It is important to note that the spectral responses of the pin diode are from Compton-generated electrons, whose orbits are bent towards the detectors by an applied magnetic field. With the pin diode located in position 1 ͑position 2͒ there is little dose in the pin diode for photon energies less than 0.7 MeV ͑1.3 MeV͒. This is consistent with the minimum energy obtained above from the Larmor radius. The PCD response is nearly constant for photon energies above 2 MeV because the 0.5-mm-thick aluminum front cover is too thin to prevent Compton electrons generated inside the GaAs from escaping. The pin diode response at position 1 peaks and begins to decrease for photon energies above 3 MeV. In this case, the decrease is caused by the escape of knock-on electrons from the detector generated by electrons incident from the Compton target. This is not a major problem for voltages in the 2-5 MV range since the majority of the photons produced are well below 3 MeV. For higher voltages it would be beneficial to optimize the detector responses for the expected photon energies by choosing appropriate thickness front covers.
In general, the photon spectrum reaching the Compton target depends on both the energy and angular distribution of beam electrons on the bremsstrahlung target as well as the type and thickness of materials that serve as filters between the bremsstrahlung and Compton targets. To relate the electron-beam voltage to the electron-to-x-ray dose ratio, photon spectra are calculated for monoenergetic electron beams incident on the bremsstrahlung target. The appropriate filters are applied to these spectra, which are convolved with the spectral responses of the pin diode and PCD detectors to obtain the dose in each detector. The process is repeated for many values of the electron beam energy (E beam ) to obtain the dependence of the diode voltage on the dose ratio. In addition, it is well known that the bremsstrahlung radiation intensity is concentrated along the direction of the electron trajectory for E beam Ͼ2 MV. 11, 12 Therefore, sensitivity of the voltmeter to the electron angle of incidence on the bremsstrahlung target is expected. This issue is examined in detail below.
To proceed with the analysis, it is necessary to make some assumptions about the bremsstrahlung source. Therefore, the details that follow are for this particular source configuration. Fortunately, these calculations are relatively easy and different bremsstrahlung source configurations can be readily analyzed without having to repeat lengthy 3D calculations of the CH voltmeter. In the remainder of the article, the voltmeter is analyzed for the target/beam-stop/filter geometry used in the Gamble II experiments described in the next section. This geometry consisted of a planar, 0.01-cmthick tantalum bremsstrahlung target followed by a 3-cmthick aluminum beam stop. The source is further attenuated by a 0.6-cm-thick tungsten filter that is located at the entrance of the tungsten collimator. For the analysis presented here, the ITS codes are used to calculate photon spectra in this source configuration for electron beam energies ranging from 1 to 6 MeV in 1 MeV increments and incident electron angles on the bremsstrahlung target ranging from inc ϭ0°͑ normal incidence͒ to inc ϭ80°in 20°increments. Electrons backscattered into the diode are specularly reflected back into the target to mimic the effect of the large accelerating electric fields in the diode. The calculations for the radiation field are performed in 1D, converted into an equivalent point source, and then attenuated by 1/r 2 to the position of the voltmeter located at 130 cm. The source spectra are calculated using 10 million primary electrons resulting in statistical uncertainties of 1%-2%. The spectra from these calculations are used in Eq. ͑2͒ to calculate both the Compton electron and x-ray doses from which the dependence of voltage on the electron-to-x-ray dose ratio ͑R͒ is formulated.
The dependence of the voltage on R and on electron angles of incidence with the voltmeter ͑VM͒ located in the forward direction ( VM ϭ0°, see Fig. 7͒ is shown in Fig.  3͑a͒ . At 1 MV, the voltage is insensitive to the angle of incidence. For voltages above 2 MV the voltmeter becomes increasingly sensitive to the electron incidence angle. For R ϭ0.02 the voltage is 2.0Ϯ0.2 MV and for Rϭ0.05 the voltage is 4.0Ϯ1.0 MV. Therefore, when the voltmeter is positioned in the forward direction, information about the electron angular distribution on the bremsstrahlung target is required to make accurate voltage measurements above 2 MV.
To understand the variation of R with the electron angle of incidence, it is important to note that the voltmeter response is sensitive to changes in the shape of the photon spectrum. The spectral shape depends not only on the end point ͑i.e., the voltage͒, but also depends on the relative angle between VM and the incidence angle of the electron beam on the bremsstrahlung target ( inc ), as well as the type and thicknesses of any filters. The calculated photon spectra in the forward direction ( VM ϭ0°) for E beam ϭ3 MeV and different angles of incidence on the bremsstrahlung target are shown in Fig. 4͑a͒ . All the photon spectra have an end point that is consistent with the incident electron beam energy, but the forward-directed spectrum is considerably harder when the electron beam is normally incident ( inc ϭ0°). It is this variation in spectral shape that produces the variation in voltage with electron angle of incidence shown in Fig. 3͑a͒ .
The shape of the photon spectrum is also influenced by the materials that the photons must pass through to reach the Compton target. For the planar target geometry considered here, the thicknesses of these materials varies as (cos VM )
Ϫ1 . Therefore, it is expected that the measured voltage also will be sensitive to the angular position of the voltmeter. The dependence of R on VM for different angles of incidence and for E beam ϭ3 MeV is shown in Fig. 5 . The spread in R has a broad minimum for VM from 45°to 65°. At VM ϭ55°the spread in R is reduced a factor of 4.5 compared to the spread in R at VM ϭ0°. A similar reduction in the spread in R is also observed for E beam ϭ6 MeV. In this case, the minimum spread in R occurs for VM ϭ45°, and the FIG. 3 . Dependence of the voltage on the ratio of the electron dose to x-ray dose for different electron angles of incidence ( inc ) on the bremsstrahlung target: ͑a͒ VM ϭ0°and ͑b͒ VM ϭ45°. spread in R is reduced a factor of 2.3 compared to the spread at VM ϭ0°. For the bremsstrahlung target geometry analyzed here, VM ϭ45°provides a reasonable choice for minimizing the spread in R over the entire 2-6 MV voltage range.
The dependence of the voltage on R for VM ϭ45°is shown in Fig. 3͑b͒ . The large voltage spread for different angles of incidence at VM ϭ0°seen in Fig. 3͑a͒ is greatly reduced when the voltmeter is positioned at VM ϭ45°. At this location, the voltage is 2.0Ϯ0.08 MV for Rϭ0.02 and 3.6Ϯ0.3 MV for Rϭ0.05. The voltmeter is still somewhat sensitive to the electron angle of incidence at higher voltages. However, by proper choice of filters on the incident photon spectrum and location of the pin diode, it may be possible to further reduce the sensitivity of the voltage to electron angle of incidence for voltages above 4 MV.
The calculated photon spectra at VM ϭ45°for E beam ϭ3 MeV is shown in Fig. 4͑b͒. A comparison of Figs. 4͑a͒ and 4͑b͒ shows that the combined effects of the additional photon absorption by thicker materials along the line of sight between the source and the voltmeter and changes in the photon spectrum with incident electron angle cause less variation in the photon spectra with the electron angle of incidence when the voltmeter is positioned at VM ϭ45°than at VM ϭ0°. It is this similarity of the spectral shapes that leads to a reduction in the sensitivity of the voltmeter to the angle of incidence.
The sensitive range of the voltmeter can be adjusted either by varying the applied magnetic field or the position of the pin diode relative to the Compton target. This sensitivity is shown in Fig. 6 for an isotropic angular distribution of electrons on the bremsstrahlung target with VM ϭ0°. For voltages below 4 MV, the configuration with the pin diode in position 1 and Bϭ4.4 kG is superior to the other two configurations because the voltage is less sensitive to uncertainty in the measured dose ratio. For voltages above 4 MV, the configuration with the pin at position 1 and Bϭ6.0 kG gives a voltage that is slightly less sensitive to uncertainty in the measured dose ratio. The voltmeter is most sensitive to changes in the measured dose ratio for the configuration with the pin located in position 2 and Bϭ4.4 kG. These sensitivities, along with the appropriate choice of filters, may be beneficial in developing a voltmeter to measure voltages outside the 2 to 5 MV range considered in this article.
III. EXPERIMENTS
The CH voltmeter is fielded on the Gamble II pulsedpower generator 13 operated with a plasma opening switch ͑POS͒ to obtain voltages in the 2-5 MV range. The experimental geometry is shown in Fig. 7 . Residual plasmas from the POS and the presence of vacuum electron flow between the switch and the bremsstrahlung diode load make determination of the voltage from electrical measurements difficult. A 0.1-mm-thick tantalum bremsstrahlung target is used with a 3-cm-thick aluminum beam stop. Due to experimental constraints, the CH voltmeter is fielded in the forward direction ( VM ϭ0°) approximately 1 m from the bremsstrahlung source. In addition, a 6.0 kG magnetic field is used in the voltmeter since this choice is less prone to errors in the voltage due to errors in R at the upper end of the expected voltage range.
Since the voltmeter was fielded in the forward direction, Fig. 3 shows that the error associated with the electron angles of incidence is expected to be large. To reduce this error additional information is required about the electron angles on the bremsstrahlung target. To provide this information, the angular distribution of the radiation is measured by TLDs fielded at VM ϭ0°, 25°, Ϯ45°, and 65°. The TLDs consisted of a 1 mmϫ1 mmϫ6 mm parallelepiped of CaF 2 that, for equilibration purposes, was encased in a hollow, 6-mm-diam Al cylinder whose wall thickness was 2.3 mm. Each TLD is individually calibrated by exposing it to a known dose from a Co 60 source. Two TLDs are used at each location, averaged, and then compared with dose distributions calculated from the ITS code. The ITS calculations indicate the dose distribution from normally incident electrons is more forward directed than the measurements. Moreover, the measurements show that the measured radiation cannot be characterized by a single angle of incidence but that a distribution of angles is required. After several trials it was found that an isotropic electron distribution on the bremsstrahlung target reproduces the measured angular dose distribution. In principle, there could be other distributions that also reproduce the TLD data. In addition, it is impossible to determine the time-varying angular distribution from the time-integrated TLD measurements. However, based on these data, an isotropic distribution of electrons on the bremsstrahlung target is a reasonable model for the electron angular distribution and is taken as an ansatz in the analysis of the Gamble II data. Therefore, the linear relationship shown in Fig. 6 is used to convert measured dose ratios into voltage in the Gamble II experiments. For critical applications of this technique, particle-in-cell simulations and/or time-resolved x-ray measurements of the angular distribution of the radiation could be used in conjunction with fielding the voltmeter at 45°to further reduce the uncertainty in the voltage due to the electron angular distribution.
An example of the application of the voltmeter to a Gamble II shot is shown in Fig. 8 . The generator current, I G , starts at tϭ0, and up to 340 kA flows through the POS plasma during the first 80 ns. Rapid opening of the POS produces a large voltage pulse as current is diverted from the POS and into the electron-beam diode. A combination of vacuum flowing electrons from the POS and electrons emitted from the diode strike the tantalum target and produce the bremsstrahlung radiation that is responsible for the signals measured in the voltmeter. An independent measurement of the radiation was obtained with a scintillator photodiode ͓dose rate in Fig. 8͑a͔͒ .
The PCD and pin diode signals from which the dose ratio is calculated are shown in Fig. 8͑b͒ . The PCD and pin detectors are cross calibrated by exposing them simultaneously to 3-4 MV end-point bremsstrahlung from Gamble II, filtered by 2.5-cm-thick lead. The lead eliminates x rays below about 0.4 MeV. Transmitted x rays are absorbed in the detectors primarily by Compton processes, with approximately equal mass absorption coefficients for Si and GaAs. The dose in each detector is then equal to within about 10%. The dose ratio is converted into voltage (V CH ) using the linear relationship from Fig. 6 , and is shown in Fig. 8͑c͒ . The peak voltage from the voltmeter is 3.7Ϯ0.1 MV and is simultaneous with the peak in the x-ray signal. It is important to note that the quoted uncertainty is due to errors in the cross calibration of the detectors and does not include errors associated with the ansatz of an isotropic angular electron distribution on the bremsstrahlung target.
An independent measurement of the peak diode voltage is made with a nuclear activation diagnostic. Protons, accelerated across the diode, are directed onto boron nitride ͑BN͒ targets to produce 11 C radioactivity by the 11 B(p,n) 11 C reaction. This reaction has a 3.0 MeV threshold and a cross section that exceeds 100 mb above 3.2 MeV.
14 The thick-target yield for this reaction is given in Ref. 15 . Positron decay of the 11 C radioactivity is measured after each shot by coincidence counting the 0.511 MeV ␥ rays with two NaI detectors. 16 Corrections are made for the 20.4 min half life of 11 C to determine the initial activities. The decay of a BN target is followed for three half lives to confirm the 20.4 min decay of 11 C. The BN targets are activated by protons extracted from impurities in the tantalum anode when the anode is heated by the intense electron pulse from the cathode. If the tantalum is degassed by heating the target to about 2000 K prior to the shot, 17 impurities are driven out of the tantalum and the BN targets are not activated. This demonstrates that the protons originate from the tantalum anode. Protons, directed within the hollow cathode, are incident on the BN targets located 70 cm from the diode ͑see Fig. 7͒ . A 5-cm-diam by 5-mm-thick BN disk is cut into quadrants to provide four equal-area targets. One of the quadrants of the BN disk is bare and the other three are covered with 18-, 36-, and 54-m-thick aluminum foils. The thick-target yield is used to calculate the ratio of the activities induced in targets behind different thickness foils as a function of the incident proton energy. The measured ratio of activities is then used with the calculated ratios to infer the proton energy, i.e., the diode voltage. No activity significantly above background is measured on the targets covered with 38-or 54-m-thick foils. These foils are sufficiently thick to reduce the energy of most of the protons on the BN to less than the 3.0 MeV threshold energy. Activities significantly larger than background are measured on the targets covered with no foil or with a 18-m-thick foil. The calculated ratio of activities and the measured ratio for these two targets are shown in Fig. 9 . The calculated ratio is sensitive to protons of up to about 4 MeV. Thicker aluminum foils can be used for more energetic protons. The measured ratio in Fig. 9 is 3 .30Ϯ0.24 and the inferred proton energy is 3.59Ϯ0.02 MeV, where the uncertainty is due to statistical counting. This voltage should be somewhat smaller than the peak diode voltage because this diagnostic measures the time-averaged voltage weighted by the thick-target yield. This voltage is consistent with the peak voltage of 3.7 MV from the CH voltmeter. Both the voltmeter voltage and the voltage from BN activation are much higher than the 2.5 MV peak from the inductively corrected voltage ͓V cor in Fig.  8͑c͔͒ .
Once the voltage is known, the electron current responsible for the measured dose rate can also be determined. To do this, the ITS simulations are used to obtain the relationship between the dose rate, voltage, and current. The result of these simulations for an isotropic electron distribution on the bremsstrahlung target and voltages between 1 and 5 MV is Dose rateϭ1.03I e V CH 1.46 ͓kRad Si/s͔, ͑3͒
where I e is the electron current in A, and V CH is the voltage in MV. The electron current obtained in this manner is shown in Fig. 8͑a͒ . The electron current at the time of peak dose rate is about 250 kA out of a total of approximately 300 kA. The inferred electron current is reasonable; for example, the remaining 50 kA could be ion current. C activity for BN targets with no foil and with an 18-mm-thick Al foil as a function of incident proton energy. The curve is calculated from the thick-target yield. The square is the ratio measured on Gamble II shot 8239.
peak electron current that is unphysically larger than the total current. Therefore, the corrected voltage (V cor ) is incorrect. This is likely the result of electrical failure of the dB/dt loop from which the inductive correction is obtained.
IV. DISCUSSION
The Compton-Hall voltmeter is a radiation-based voltage diagnostic developed to measure voltages on high-power ͑TW͒ pulsed generators. Photons from a bremsstrahlung diode are used to generate Compton electrons whose orbits are bent by an applied magnetic field and detected by a Si pin diode. The diode voltage is determined from the ratio of the electron dose to the x-ray dose. ITS simulations show that the voltmeter is sensitive to the shape of the photon spectrum. The shape of the photon spectrum is affected by the end point ͑i.e., the voltage͒ as well as by the electron angles of incidence on the target and by the thicknesses of any materials ͑filters͒ that the photons must pass through before reaching the detectors. For a planar target, differences in the spectral hardness of the photon spectra for electrons with different angles of incidence on the bremsstrahlung target are minimized at 45°with respect to the target. At this angle, the dependence of the measured voltage on the electron angles of incidence on the bremsstrahlung target is minimized and the instrument is relatively insensitive to the electron angle of incidence for voltages up to 4 MV. The uncertainty associated with unknown electron angles of incidence can be reduced further by incorporating the electron angular distribution on the bremsstrahlung target from either particle-incell simulations or direct measurements.
The curves relating voltage to dose ratio shown in Fig. 6 demonstrate the ability of this instrument to measure voltages not possible with filtered detectors ͑see Refs. 1 and 2͒. Although the relation between voltage and dose ratio has been developed only for voltages up to 6 MV, as long as there continues to be a one-to-one relationship between the voltage and R, it is relatively straightforward to extend these results to higher voltages. In addition, we have demonstrated that the sensitive voltage range can be adjusted by changing either the magnetic field or the position of the pin diode relative to the Compton target. Although not analyzed in the article, another possible way to affect the sensitive voltage range is to filter the pin diode and PCD separately to eliminate softer parts of the Compton electron and photon spectra. All of this flexibility makes it possible to design a voltmeter with a selectable range of operation.
The utility of the voltmeter was demonstrated on the Gamble II pulsed-power generator configured with a plasma opening switch to obtain voltages in the 2-4 MV range. Measurements on Gamble II produce a time-dependent voltage with a peak ͑3.7 MV͒ that agrees with nuclear activation measurements ͑3.59 MV͒ of boron-nitride targets and a pulse shape that is consistent with the radiation pulse shape. Physically reasonable electron currents of 250 kA out of 300 kA total current are inferred from the measured dose rate and voltmeter voltage.
In the future, the CH voltmeter will be tested on Gamble II without a POS in the 1-2 MV range. In this range, the voltage electrically close to the load can be measured with a vacuum wire voltmeter 18 and compared directly with the CH voltmeter. The uncertainty introduced by the cross calibration of the two detectors can be reduced by using detectors that are made of the same absorbing material. Therefore, the x-ray ͑PCD͒ detector may also be replaced with a Si pin detector. Application of the CH voltmeter to other diode configurations is being considered for rod-pinch diodes 19 and other electron-beam diodes used for pulsed radiography 20 at voltages up to 14 MV.
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